We present results of the interaction of ethane with 50 fs pulses of radiation at a wavelength of 800 nm. Ion yields of the parent ion and daughter fragments were measured using a reflectron time-of-flight (TOF) mass spectrometer. The yields of dissociative ionization products were measured as a function of laser intensity and polarization angle. Intensity scans indicate sequential ionization and dissociation. When the field polarization was rotated with respect to the TOF axis, we observed anisotropic ion yields of fragment ions peaked along the TOF axis. Measurements of the fragment C H 2 2 2+ reveal the existence of anomalous perpendicular fragmentation. Kinetic energy of the hydrogen ions was measured using linear operation of the TOF and provided information on the underlying mechanisms for formation of H + , H 2 + and H .
Introduction
Understanding mechanisms involved in the interaction of molecular systems with various forms of laser radiation is a topic that has interested both physicists and quantum chemists for decades [1, 2] . Currently, there is a number of theoretical models in use to describe the interactions of radiation with atomic systems. These theoretical models, which typically employ the single active electron approximation, include lowest order perturbation theory to describe multiphoton ionization [3, 4] , tunneling ionization (TI) models such as ADK and PPT [5] [6] [7] and Keldysh type models, which make use of the strong-field approximation. Theoretical models which include electron-electron correlation effects have been recently used to demonstrate phenomena such as shake-up and shake-off [8] and have been shown to be in good agreement with experiments when intensity spatial averaging is removed. Despite these successes of atomic ionization theories, no satisfactory model for ionization and dissociation of molecules presently exists. Limited agreement has been found in the TI of diatomic systems using MO-ADK [9] . A well-known theory, typically used in quantum chemistry to predict dissociation products in mass spectrometry experiments is the RRKM or quasi-equilibrium theory. RRKM has many shortcomings such as its inability to predict fragment yields, when a transition state cannot be found [10] . Another theory used to predict molecular dissociation is the field assisted dissociation (FAD) model [11] [12] [13] . In this model, the field of the laser 'pulls off' a bond when the bond is aligned with the field. The model also predicts which fragment retains the binding electron. When the laser field intensity is above 10 W cm , 12 2 - the field is strong enough to remove the electron from the molecule. The remaining fragments are left positively charged and due to their close proximity experience a strong Coulomb repulsion force, leading to dissociation. The process is known as Coulomb explosion.
In this work, we investigated ethane, which is the simplest saturated hydrocarbon next to methane. The interaction of laser radiation with ethane was the subject of previous investigations [14] [15] [16] . Ethane consists of two carbon centers and six hydrogen atoms, C H 2 6 and exists in staggered or eclipsed conformations with the symmetry point groups D 3d and D 3h , respectively.
We present angular and intensity dependences for the ionization/dissociation of ethane that show new features. To obtain a more precise picture of the underlying processes, we used an imaging time-of-flight (TOF) mass spectrometer, capable of circumventing intensity averaging effects that would have otherwise concealed the details presented in this work. We have also observed the formation and TOF spectra of H + , H , 
Experimental setup
In our experiments, we used a Ti:sapphire chirped-pulse amplification system. Femtosecond radiation from the amplification stage had a wavelength of 800 nm, pulse energy of 1 mJ and duration of 50 fs. This radiation was focused into an ionization chamber with a background pressure of 5 10 mbar.
-
For angular scans, an achromatic half-wave plate was placed at the entrance window to the chamber. This wave plate was rotated using a motorized rotary stage having an angular resolution of 0.2 mrad (8401-M, New Focus). Ethane gas was introduced into the chamber through a leak valve to an operating pressure of around 10 mbar.
The design and operation of our TOF setup is described in detail in [17, 18] , and relevant discussions on volumetric weighting can be found in [19] [20] [21] . This type of spectrometer was designed to measure ions originating from the central most region of the focus, where the intensity variations are minimal.
Ions were produced in the interaction region and accelerated into the flight tube. Chevron-type multichannel plates (Photonis) were used to detect the ions, and the output was sent to a multiscalar counter having a 100 ps timing resolution (MCS6, FAST ComTec). For intensity scans, a half-wave plate was positioned before the grating compressor. The power output was finely adjusted by rotating the wave plate with a motorized rotary stage. All experiments were fully automated by LabVIEW. For polarization and intensity scans the TOF was operated in reflection mode, and MCP1 was used as the detector. When measuring H n + n 1 3 = -( ) fragments, the TOF was operated in direct linear mode, and ions were detected with MCP2. Figure 2 shows TOF spectra of ethane ionized with 50 fs laser pulses at a peak laser intensity of 4.0 10 W cm . + m 2 > were not observed in the spectrum at the measured intensities. The yields data in figure 2 is consistent with previous data by Palaniyappan et al [22] . Data in panel (a) are measured yields with the field vector perpendicular to the TOF axis, while data in panel (b) was taken with the field vector parallel to the TOF axis. These data shows that some ion peaks exhibit yield differences between the two polarization angles most notably for H + and suggest anisotropic fragmentation patterns.
Experimental results

TOF spectrum
Intensity dependences of ion yields
Intensity dependent ionization yields for both parallel and perpendicular polarization angles are shown in figure 3 . Blue triangles represent measured yields for parallel polarization and red circles represent those for perpendicular polarization. For the singly charged ions C H n 2 + n 0 6 = -( ) with the massto-charge ratio, M Q 24 30, = -corresponding to the shaded region on the right in figure 2, no significant difference is observed in any of the intensity-dependent yields with respect to the two polarization states. Appearance energies for these ions are C H n 2 + n 6 0 = -( ) (11.52, 12.4, 11.81, 14.5, 14.51, 22.4, 31.5) eV [23] .
Ions in the middle-shaded region in figure 2 consist of both doubly-and singly-charged ions. Mass to charge degeneracies occur for the ions C H n 2+ is the doubly-charged parent molecule, the difference between the two yields is due to an anisotropic fragmentation of CH 3 + from geometric alignment. Ion yields at M/Q=12 is due to the molecular fragments C 2 2+ (M/Q=24/2) and C + (M/Q=14/1). Doubly-charged atomic carbon at M/ Q=6 shows an increasing anisotropy with intensity. In the shaded region on the left in figure 2 , the fragments H n + n 1 3 = -( ) show anisotropic yields with H + showing the largest and H 3 + the smallest amount.
Angular dependences of ion yields
Ethane angular dependences have been previously measured in [14] . In this previous work, only the angular dependencies of C H , 2 4 + C + , C 2+ and C 3+ at laser intensity of 1.2 10 W cm 16 2 -(Keldysh parameter 0.88 g = ) were shown. Of these fragment ions, only the carbon ions showed an anisotropic fragmentation pattern. In our work, we observed anisotropic behavior for various doubly charged fragments and perpendicular fragmentation of molecular ion C 2 H 2+ . For our experiments performed at an intensity 4.01 0 W cm , 14 2
where the ionization energy of ethane is ∼11.52 eV and the ponderomotive potential is U 9.33 10 p 14
=´-I 2 l = 23.88 eV. To the best of our knowledge, data in [14] is the only available data on the angular distribution of ethane fragments. The ion yields in figures 4 and 5 are angular distributions for all ions except for hydrogen, which will be discussed in detail separately. The angular distributions have been normalized to parent molecular ion C H 2 6 + to compensate for pressure fluctuations. figure 4 , and all yields are found to exhibit isotropic patterns. This is consistent with data shown in figure 3 and implies that geometric alignment of the molecular axis relative to the polarization direction does not play a major role in the dissociation of singly-charged ethane or Coulomb explosion of doubly-charged species. For the ions shown in the shaded-middle region of figure 2, angular distributions are shown in figure 5 . The ion yields shown in this data set exhibit strong anisotropic patterns. The largest angular anisotropies are found for the fragment ions CH , 3 + 
Measured angular distributions for singly-charged ions of
C H n 2 + n 0 6 = - ( ) are shown in
CH ,
+ C + , which we attribute to the dissociation pathways
) It was found that the kinetic energies of the C + fragments, formed from the dissociation of C , 2 + are small [14] . An interesting angular distribution in figure 5 shows the C H 2 2+ ion, which exhibits maxima perpendicular to the polarization direction. Such perpendicular fragmentation of product atomic fragments has been observed in many experiments [24] [25] [26] ; however, to the best of our knowledge, this is the second reported case in the literature showing the perpendicular fragmentation of a molecular fragment (the previous observation was reported in [11] ).
In order to understand a possible mechanism for perpendicular fragmentation, a likely precursor must be identified. The simplest precursor would have a minimal number of H atoms (greater than two) connected to the C 2 backbone, and it must be planar and symmetric about the C-C axis. Potential energy curves (PECs) were calculated for both C H + to compensate for pressure effects. C H , 2 3 2+ the PEC indicates it is metastable with a well depth of ∼3.5 eV and a dissociation barrier. For this reason, we identify C H 2 3 2+ as being the precursor for the perpendicular fragment C 2 H 2+ . The mechanism we attribute to this fragmentation process is based on FAD. When the laser intensity is sufficient to produce doubly charged species, it is also sufficient to 'pull off' one of the two C-H bonds on one side of the C H . 2 3 2+ For those C H 2 3 2+ fragments that are preferably aligned such that their principle axis is perpendicular to the laser polarization, the projection of the electric field vector on the two C-H bond results in Coulomb explosion of the two H atom. This process results in a C 2 H fragment being ejected perpendicular to the laser polarization direction.
The red curves in the data plots are fits to a series of Legendre
section, σ is the integrated cross section, W is the solid angle, P cos n q ( ) are the Legendre polynomials, and β are the (n=0-6), shown in sequence from bottom to top. Each ionic species has been scaled to the TOF position of hydrogen and then centered on zero. The ions produced by highest intensities are therefore observed around zero, where a strong depletion of ions in the left panel and peaks of the distributions in the right panel (rows 6, 7) are seen. The anisotropies can be seen for most ionic species at the right panel except for the C H anisotropy (asymmetry) parameters [27, 28] . Table 1 gives the values of σ and β n up to the nth expansion coefficient for each angular distribution in figures 4 and 5. A relatively large negative β 2 in combination with large positive β 4 was found for C H 2 2+ ion, which corresponds to perpendicular fragmentation.
The angular distributions were integrated within the central regions for each respective TOF peak and are shown in figure 6 as false color density plots. Perpendicular fragmentation of molecular C H 2 2+ is apparent at angles of 90°, 270°and 450°. The yields in the first column corresponding to the sequence C H n 2 + n 2 6 = -( ) show split TOF peaks having the same separation of the split. This indicates that parent molecular ion and its singly-charged fragments occur simultaneously in specific branching ratios.
The origin of the splits is explained as follows. At relatively high intensities used in this experiment, the density of singly ionized species is depleted in the center of the laser beam. This depletion corresponds to the highest intensity, similar to what was observed for atomic Xe [17] . Consequently, in the TOF direction the ion density distribution acquires a profile with two maxima. As a result, the arriving ions also form two maxima in the TOF spectra. The stronger depletion in the central region corresponds to species with a lower energy required for ionization and fragmentation. Therefore, the species that are harder to ionize and fragment, such as the doubly charged species in the right panel (C H , 2 3 2+ 4th row from the bottom), show a reduction of the interval between the peaks, and for C , 2 2+ C 2 H 2+ (1st and 2nd rows from the bottom), which require even higher energies for ionization and fragmentation, only one central peak is observed.
Hydrogen species
In the ionization of hydrocarbons, a typical TOF spectrum shows the production of atomic hydrogen H + and diatomic hydrogen H . In order to understand the formation mechanisms of these hydrogen ion species, kinetic energies of these ions were experimentally measured. In these experiments TOFMS was operated in the linear mode. Ions in this mode travel through the grids of the ion mirror (V 1 =V 2 =V 3 =0) and are detected by the detector MCP2 ( figure 1) . The voltage on the repeller plate was also kept at a small potential, so that ions with different kinetic energies arrive at the MCP2 at different times. TOF of hydrogen species with horizontal and vertical polarizations are shown in figure 8. We observed four broad distinct humps (numbered 1-4 in the sequence of increasing arrival time, i.e. reducing energy) and a sharp peak for H + yields ( figure 8(a) ). We note that similar TOF spectrum was recently measured by us [12] in the ionization of acetonitrile and showed various mechanisms responsible for hydrogen ion production. For H 2 + we observed three distinct humps ( figure 8(b) ). As can be seen from TOF spectra some of the peaks are suppressed when vertical polarization is used, but the H 3 + peak is largely independent of the laser polarization.
To see the effect of laser polarization and laser intensity on the hydrogen species, we carried out full polarization scans from 0°to 360°, and intensity scans from 1.0 10 14 to 4 10 W cm first and second peaks are strongly polarization dependent, while the third peak is independent of the polarization direction. In the lower panel of figure 9 , one can see that all hydrogen species are produced around the same intensities. For H 2 + and H + low energy peaks are dominating at the lower intensities, and high energy peaks are prevailing at higher -using the reflectron mode of TOFMS.
intensities. The H 3 + peak is not changing as polarization is altered from 0°to 360°. In our previous measurements with acetonitrile [12] we derived a formula giving the arrival times of the frontwards and backwards directed ions in the TOF apparatus operated in the linear mode, 
Then for the repeller voltage of 90 V used in the linear mode, we can calculate the focal position x . 0 This allows for the determination of the initial ion momentum and hence the kinetic energy as a function of arrival time.
Using a Matlab code, a sum of 4 Gaussians was used to fit the data for H + . Similarly, Gaussians were fitted to the H 2 + and H 3 + peaks to find the maximum values of the peaks. Kinetic energies were calculated for these maximum points at different intensities, and intensity dependent kinetic energies of hydrogen species were obtained ( figure 10) . From this result, we can conclude that the first highest energy peak for H + is originated from Coulomb explosion. The other peaks in the spectra, which do not show strong intensity dependence, are attributed to dissociation of molecular species in excited states.
Computational results and discussion
In order to gain insight into the dependence of computational results on the method used, we choose two methods belonging to different groups. In our selection, density functional theory (DFT) is presented by the BPW91 method [30, 31] with the generalized gradient approximation (DFT-GGA) to the exchange-correlation functional, whereas the hybrid HartreeFock-DFT group is presented by the long-range corrected CAM-B3LYP [32] method. We choose a balanced split valence Def2-TZVPP[(11s6p2d1f )/5s3p2d1f] basis [33] of triple-ς quality. All our computations are performed using the GAUSSIAN 09 suite of programs [34] . For a validation of our choice, we performed computations of the lowest total energy states of the C , 2 2+ which has been extensively studied [35] using a multireference configuration interaction (MRCI) method. We have found triplet and quintet states to be geometrically stable, and the behavior of their potential energy curves is similar to the behavior of the MRCI curves.
Our curves shown in figure 11 are computed at the CAM-B3LYP/Def2-TZVPP level; the curves obtained at the BPW91 level possess the same features. In agreement with the MRCI results, the lowest total energy state is 3 Π u state. We optimized all neutral as well as singly and positively charged species which can be produced by the decay of ethane via all possible dissociation channels. When searching for the lowest total energy states of C 2 H n , CH m , H k , and their cations for n=0-6, m=0-6, k=1-3, we used also the data from previous computations [10, [36] [37] [38] [39] [40] . The decay energy of a C H n 2 2+ dication was computed according to the equation 
where E tot el is the total Born-Oppenheimer energy and E 0 is the zero-point vibrational energy. The results of our computations at both levels of theory are presented in table 2. A comparison shows that the largest differences between the BPW91 and CAM-B3LYP values are observed for smaller n values, while the differences are getting smaller for larger n values.
As can be seen in the table 2, the C H n 2 2+ dications are unstable toward dissociation for n=1, 3, 5, and 6, whereas the C H 
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The B3LYP and CCSD(T) values are −3.49 eV and −3.22 eV, respectively (see [15] ). + and H 3 + products via a sequence of transition states. All energy shifts are given with respect to the sum of total energies of C H The results of our computations are presented in figure 12 . The reaction mechanism presented in figure 12 was substantiated using the QST3 method, which allows the confirmation that two states are connected via the given transition state and the final dissociation was confirmed using the IRC method. As can be seen, the barrier for the reaction is 1.85 eV.
The process of dissociation of the ethane dication is somewhat complicated (see figure 13) . Dissociation to two CH 3 + can proceed via two sequences of transition states with the maximal barrier of 1.60 eV. The decay channel leading to the production of H , 3 + originates from the eclipsed isomer which is higher by ∼0.12 eV than the ground-state staggered isomer. The dissociation proceeds via a single transition state as it was found previously (see [15] ). The reaction barrier is 1.64 eV in this case.
In conclusion, we have measured ion yields from the interaction of ethane with 50 fs laser pulses. We have observed the production of triatomic hydrogen verifying previous work. Quantum chemical calculations have identified two possible mechanisms for the production of H . 3 
+
Polarization scans have revealed perpendicular fragmentation of a molecular product, C H .
2+
While previously atomic fragments have been observed to be ejection perpendicular to the polarization, we are aware of only one other case in which a molecular fragment has been ejected perpendicular to the laser polarization. Lastly, by operating the TOF in linear mode, we were able to convert arrival time of hydrogen ions to kinetic energy. We used this method to investigate the produced hydrogen ionic species. Total five peaks were found to exist in atomic hydrogen ionic energy spectra. Kinetic energies were measured as a function of time, and it was found that peak arriving earliest in time was due to Coulomb explosion. The other peaks in the spectrum are attributed to dissociation of molecular species in excited states. 2+ and its transition states are given with respect to the sum of total energies of two CH . 
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